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Summary
The classical genetic map and molecular map of rice chromosome 11 were oriented to facilitate the use of these
maps for genetic studies and rice improvement. Three morphological markers (d-27, z-2, and la) were crossed to
a rice breeding line, IRBB21, which has the Xa-21
gene for bacterial blight resistance. Three F2 populations were
analyzed with RFLP markers known to be located on chromosome 11
. Segregation analysis of molecular markers
and morphological markers was used to construct an RFLP map for each population
. The recombination frequency
between markers varied from population to population although the marker order on the maps was the same for
all three populations . Based on a common set of markers mapped in the three populations, an integrated map was
generated consisting of both RFLP and morphological markers . The genetic distance between markers on this map
was determined by taking a weighted average of the data from the three populations . The oriented map serves as a
bridge to understand the relationship between the classical and molecular linkage maps
. Based on this information,
the location of several genes on the classical map can be approximated with respect to RFLP markers without
having to map them directly .
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Introduction
To facilitate rice breeding, numerous rice geneticists
have, over the past 75 years, studied the inheritance
of a large number of marker genes associated with a
variety of morphological, physiological, biochemical,
and other characters . As a result of these studies, a
classical genetic map of rice representing 210 mark-
er genes on twelve linkage groups has been devel-
oped (Khush & Kinoshita, 1991)
. Recently, molecular
markers such as isozymes (Wu et al ., 1988 ; Ishikawa et
al., 1991), restriction fragment length polymorphisms
(RFLP) (McCouch et al ., 1988), and polymerase chain
reaction (PCR)-based markers (Reiter et al ., 1992) have
provided hundreds of new markers which can be read-
ily mapped on a single cross . The rapid development
of these molecular markers has resulted in the con-
struction of two independent molecular maps of rice
(McCouch et al., 1988 ; Saito et al ., 1991) . As a result,
there are now three independent rice maps, substan-
tially increasing our understanding of the rice genome
.
However, the information in all three maps cannot be
readily cross-referenced, limiting the full exploitation
of the information contained in them . Efforts to ori-
ent the two molecular maps have been initiated (Xiao
et al
., 1992), and mapping of morphological mutant
phenotypes in relation to RFLP markers is underway
(Tanksley et al ., 1992; Saito et al., 1991
; Ideta et al
.,
1992; Kishimoto et al ., 1992). Because most of the
genetic stocks representing morphological mutant phe-
notypes have only one or a few mutant genes in each,
a large number of crosses is required to integrate the
morphological and molecular maps
.
The integration of the classical genetic and molec-
ular maps would make molecular tagging of agronom-
ically important genes previously located on the classi-
cal genetic map relatively straightforward
. The amount
of time and effort devoted to gene mapping will be
minimized because only molecular markers which are
located in the region of the target genes need to be eval-
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uated. The objective of our work is to orient the clas-
sical genetic and the molecular maps of rice . Because
of the presence of many genes of agricultural impor-
tance on chromosome 11 (Kinoshita, 1990 ; Khush &
Kinoshita, 1991), we oriented the classical genetic and
molecular maps of rice on this chromosome .
In this study, a disease resistance locus and three
morphological mutant markers served as points of
alignment to orient the classical genetic and molec-
ular maps of rice. This was accomplished by mapping
genes controlling these four characters onto the molec-
ular map .
Materials and methods
Plant materials
Three morphological mutant markers in japonica back-
ground - bunketsuto tillering dwarf (d-27) (Iwata &
Omura, 1977; Iwata et al ., 1978), zebra banding pat-
tern (z-2) (Iwata & Omura, 1977 ; Iwata et al ., 1978)
and lazy growth habit (la) (Nagao & Takahashi, 1963 ;
Iwata et al ., 1978) - were crossed with IRBB21, an
indica line in IR24 background containing the gene Xa-
21 for resistance to bacterial leaf blight (Ikeda et al .,
1990; Khush et al ., 1990) . F2 populations were devel-
oped from all three crosses (Table 1). These crosses
were previously used to locate the Xa-21 gene in rela-
tion to morphological markers on chromosome 11 of
the classical genetic map of rice (Ikeda et al ., 1991) .
Sibling F2 populations were used for RFLP analysis to
determine the location of the morphological mutants
and Xa-21 on the molecular map of chromosome 11 .
Bacterial leaf blight screening
The parents and the three F2 populations were grown in
a screenhouse. At booting stage, the plants were inocu-
lated with PX099 (race 6) of Xanthomonas oryzae pv.
oryzae using the leaf clipping method (Kauffman et al .,
1973) . Leaf lesions from the three youngest inoculated
leaves were examined and assigned resistant (R) and
susceptible (S) scores .
DNA extraction, restriction digestion, electrophoresis,
Southern analysis
DNA was extracted from fresh leaves harvested from
the parents and each F2 plant six weeks after seeding
(Dellaporta et al., 1983; Tai & Tanksley, 1990) . DNA
(5 µg/lane) from the parents was digested with four
restriction enzymes, EcoRI, EcoRV, HindIII and Xba1,
and electrophoresed through 0 .9% agarose gels using
standard protocol (Sambrook et al ., 1989). Southern
transfer to nylon membranes (Hybond N+, Amersham
Inc.) was done according to manufacturer's instruc-
tions. Twenty-eight chromosome 11 RFLP markers
(prefix RG and CDO provided by Cornell University,
Ithaca, NY) and eight chromosome 11 markers (pre-
fix NpB provided by the National Institute of Agro-
biological Resources, Tsukuba, Japan) were PCR-
amplified, hexamer-labelled with 32P-dCTP to high
specific activities (1-10 x 10 8 cpm/µg) (Feinberg &
Vogelstein, 1983) and used as probes for the parental
survey filters. Hybridization, washing, and autoradio-
graphy were done using the methods of McCouch et
al . (1988) .
F2 DNA was digested with EcoRI and HindIII as
clear RFLP could be detected even with just these
enzymes. Molecular markers were hybridized with the
appropriate F2 filters, according to the polymorphism
patterns observed on parental survey filters .
Linkage analysis
The autoradiograms of the segregating populations
were scored according to the inheritance of bands from
the parents in the F2 populations . RFLP analysis was
done using the MAPMAKER computer program (Lan-
der et al ., 1987) . Two-point (LOD = 4.0), three-point
(LOD = 3.0), and multipoint (LOD = 3 .0) analysis were
used to establish marker order and recombination frac-
tions .
Map orientation
The three maps (Fig . 2), each with one morphological
mutant marker, were integrated into one map (Fig. 3B)
by aligning common RFLP markers used in the three
populations . Considering the difference in population
size and the use of a common parent, IRBB21, in
all three populations, the weighted average of genetic
distance between molecular markers was used to create
an integrated map . The classical genetic and molecular
maps of chromosome 11 were then oriented based on
the correspondence of three common morphological
markers (d-27, z-2, and la), one bacterial leaf blight
resistance gene (Xa-21), one isozyme marker (Adh-1)
(Magpantay, McCouch & Huang, unpublished data),
and seven common RFLP markers .
Results
Parental survey
Parental surveys were performed using 36 molecu-
lar markers from the entire length of chromosome
11 . Extensive polymorphism was observed among the
mutant parents and IRBB21 (Table 1) . Clear RFLP on
31 markers were detected in the population between
IRBB21 and the Zebra banding mutant. No poly-
morphism was observed with the other five mark-
ers, CDO127, RZ141, RZ557, RZ638, and Npb254 .
Among the polymorphisms found between IRBB21
and the three morphological mutant lines, the band-
ing pattern of 24 markers was identical for all three
mutants . A previous study (Ronald et al ., 1992) indi-
cated that
Xa-21 was located on the top half of chro-
mosome 11, and Ikeda et al . (1990) showed that d-27,
Table 1 . Morphological markers in F2 populations used to integrate the morphological and molecular maps of rice
chromosome 11
Fig . 1 . Autoradiogram of HindlIl digested total DNA of representative F2 population from the cross d-27/IRBB21 hybridized with the probe
pTA818
. Arrow indicates 2 .7 kb band cosegregating with normal phenotype
. Dwarf phenotypes cosegregate with null allele . M indicates
molecular weight marker Lambda DNA digested with Hindlll. ' indicates recombinant individual .
z-2, and la were also located in the same general region
as Xa-21 on chromosome 11 . Molecular markers from
that region of the chromosome were thus chosen as
probes for use with progeny filters.
Segregation of the F2 populations
The segregation of normal and mutant phenotypes in
the F2 populations followed the expected 3 : 1 ratio
(Table 1). Similar Mendelian segregation patterns (3
1 for null allele and 1 : 2 : 1 for codominant mark-
ers) were also observed among the RFLP probes used .
Figure 1 shows an autoradiogram of representative F2
plants from the d-27/IRBB21 population probed with
pTA818. The dwarf phenotype cosegregated with a null
allele when total DNA was digested with Hindff . The
normal phenotypes cosegregated with a 2.7 kb band.
Two recombinants were observed (plant # 4-2-7 and #
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Marker Cross DNA No. of Plants in F2
X2 (3 : 1)Polymorphism
Level (%)
Normal Mutant Total
Tillering dwarf d-27/Xa-21 83 .3 21 14 35 3 .44
Zebra banding z-2/Xa-21 86 .1 41 22 63 2.80
Lazy growth la/Xa-21 83 .3 48 13 61 0.27
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Fig . 2
. Molecular maps for morphological marker/IRBB21 F2 populations indicating the locations of A) d-27, B) z-2, and C) Ia .
4-5-3) ; both had normal phenotype but carried the null
allele.
Linkage maps of morphological mutant markers
The maps presented in Fig . 2 represent the order of
markers based on multipoint linkage analysis . After a
trial map was created, the distances were checked using
two-point and three-point analysis until a map with the
shortest total distance was achieved . The RFLP mark-
er order in each population is in agreement with that
of McCouch & Tanksley (1991). The maps in Fig . 2
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show the locations of the morphological mutant mark-
ers with respect to the RFLP markers . The marker
d-27 is flanked by CD0520 and pTA818, near the top
of chromosome 11 . CD0365 cosegregated with the z-
2 mutation . The lazy phenotype was mapped between
RG247 and RG1094 near the middle of chromosome
11 . In a previous study, RG103 and pTA248 were both
determined to be within 1 .2 cM of Xa-21, based on
segregation of 386 individuals from a cross between
IR24 and IRBB21 which carries a Xa-21 from wild
species Oryza longistaminata (Ronald et al ., 1992) .
In the morphological mutant populations used in this
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study, pTA818 and RG103 mapped slightly farther
from Xa-21 . In the d-27/IRBB21 population, the two
markers mapped 2.2 and 3 .8 cM from the resistance
gene, respectively. In the z-2/IRBB21 population, they
both mapped 2 .7 cM from Xa-21 . In the la/IRBB21
population, the Xa-21 phenotypic scoring was discard-
ed due to effects of environmental factors .
Integration of morphological mutant maps
To locate the three morphological mutant markers rela-
tive to previously mapped RFLP markers, the indepen-
dent maps derived from the three F2 populations were
aligned as in Fig . 2 . The distance between RFLP mark-
ers varied from population to population . For exam-
ple, the recombination frequency between RG303 and
RG1109 is 4.8% in the d-27/IRBB21, 1 .4% in the z-
2/IRBB21, and 8 .0% in the la/IRBB21 population . To
integrate these maps, a weighted average of genetic dis-
tances between RFLP markers was computed, based on
the number of individuals in each of the three popula-
tions (Table 1) . Seven previously mapped RFLP mark-
ers were used to align the molecular map (McCouch &
Tanksley, 1991) and the integrated map developed in
this study (Fig . 3) . In the integrated map, the four mor-
phological markers were assigned locations approxi-
mating their original positions in the independent pop-
ulation maps . The three mutant markers and the Xa-21
gene were thus placed in a linear order on the integrat-
ed map. An additional isozyme marker, Adh-1, was
also located in relation to RFLP markers on the inte-
grated map, based on data from another population
(Magpantay et al ., unpublished data) .
Orientation of the classical genetic and molecular
maps
Five markers - d-27, z-2, la, Xa-21, and Adh-1 -
provided the basis for the orientation of the classi-
cal genetic and molecular maps of rice . The order of
these markers in the integrated map (Fig . 3B) was con-
sistent with that in the classical map . The integrated
map provides a bridge for determining the orientation
of the two previously published genetic maps of chro-
mosome 11 (Fig. 3) . Common markers are indicated
by joining diagonal lines . After examining orientation
results of two rice RFLP maps by Xiao et al . (1992 ;
McCouch et al., unpublished data), it is interesting
to note that our conclusion of map orientation between
the classical genetic map and the RFLP map developed
by Tanksley et al. (1992) agrees with that presented by
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Yoshimura et al . (1992) between the classical genetic
map and the RFLP map by Saito et al . (1991) .
Discussion
The frequency of polymorphism among the morpho-
logical mutant markers and IRBB21 using 36 mark-
ers was quite high - 88.33 to 86.11 % (Table 1). This
high degree of polymorphism facilitated our mapping
efforts and was consistent with previous reports of
polymorphism for markers with an RG prefix in an
indica/japonica cross (McCouch et al ., 1988). The
three mutant marker stocks, which have a japonica
genetic background, exhibited identical banding pat-
terns in the parental survey for the majority of probes
used .
After determining the best possible order of molec-
ular and morphological markers on the integrated map,
it can be seen that the order of the three morphological
mutant loci is consistent with that presented by Khush
& Kinoshita (1991) . However, the distances between
the mutant markers differ on the two maps . In the inte-
grated map (Fig . 3B), the distance between Xa-21 and
z-2 as well as their distance from d-27 is much closer
than that in Ikeda et al . (1991). On the contrary, the
distance between these markers and la covers a much
larger distance on the integrated map . Though several
marker orders were tried during the course of linkage
analysis, the shortest map distances (cM) for each pop-
ulation were when the order of the RFLP markers fol-
lowed the previous map (McCouch & Tanksley, 1991) .
The collinearity of markers mapped on different popu-
lations using different sets of markers suggests that the
marker order in the classical genetic and the two avail-
able molecular linkage maps are the same . Based on
this observation, we speculate that rice chromosome 11
has not undergone any major rearrangements between
indica and japonica rices .
The classical genetic map of rice is the product
of linkage information from many crosses while the
molecular map is made from a single mapping popu-
lation. Since recombination frequencies are variable in
different populations, it is difficult to accurately esti-
mate map distances which involves data from multiple
populations . Our emphasis has been the orientation
of the morphological and molecular linkage maps for
chromosome 11 . No attempts have been made to assess
the map distances between molecular and morphologi-
cal markers that were not mapped onto the same popu-
lation . Extrapolating from the analysis presented here,
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it is indicated that the blast resistance gene, Pi-k, is
located in the same region as RZ536 at one end of
chromosome 11 . Another blast resistance gene, Pi-
1(t), is also near RZ536 (Yu, Z personal comm .) . It is
possible that the two blast resistance genes Pi-l, or Pi-
k, reside at the same locus (Inukai et al ., 1992) . Future
attempts to tag the blast resistance genes, Pi-1, or Pi-k,
the isozymes Pgd-1 or Adh-1, or the genes responsible
for short panicle (sp) and shattering (sh), via linkage
to molecular markers would involve delimited search
area. Furthermore, tagging genes that are known to be
linked to the morphological markers on chromosome
11 used in this study (Kinoshita, 1990) will be simpli-
fied. For example it is known that Pi -f is located on
chromosome 11 and linked to Pi-k. To map Pif, RFLP
markers in the region of RG303 should be targeted .
Acknowledgements
The authors would like to thank B .G. Albano for tech-
nical assistance, S . Tanksley and A . Saito for initially
providing, and N .W. Ishii for maintaining, the probes
used in this study.
References
Dellaporta, S .L., J . Wood & J.B. Hicks, 1983 . A plant DNA
minipreparation : Version II . Plant Mol . Biol . Rep . 1 : 19-21 .
Feinberg, A .P. & B. Vogelstein, 1983 . A technique for radiola-
belling DNA restriction fragments to a high specific activity .
Anal. Biochem . 132
:6-13 .
Ideta, 0 ., A . Yoshimura, H. Tsunematsu, T. Matsumoto & N. Iwata,
1992 . Integration of RFLP and conventional linkage maps in rice .
In
: Proceedings of the Asia-Pacific Conference on Agricultural
Biotechnology, pp . 163-166 . Beijing, China.
Ikeda, R ., G .S. Khush, R .E. Tabien & T. Ogawa, 1990 . A new
resistance gene to bacterial blight from Oryza longistaminata .
Jpn . J . Breed . 40 : 280-281 .
Ikeda, R ., R.E. Tabien & G.S . Khush, 1991 . Chromosomal location
of Xa-21
.
Rice Genet . Newsl . 8 : 102-103 .
Inukai, T., D .J . Mackill, J .M. Bonman, S . Sarkarung, R . Zeigler, R .
Nelson, I . Takamure & T
. Kinoshita, 1992 . Blast resistance genes
Pi-2(t) and Pi-z may be allelic . Rice Genet. Newsl . 9 : 90-92 .
Ishikawa, R ., H . Morishima, T. Kinoshita, T. Harada, M . Niizeki &
K. Saito, 1991 . Linkage analysis of nine isozyme genes on the
conventional linkage map in rice . Jpn . J . Breed. 41 : 265-272 .
Iwata, N . & T. Omura, 1977
. Linkage studies in Rice (Oryza saliva
L.) .
On some mutants derived from chronic gamma irradiation .
J. Fac . Agric. Kyushu Univ. 21 : 117-127 .
Iwata, N ., T. Omura & H. Satoh, 1978 . Linkage studies in rice . The
sequence of genes at the eighth and eleventh linkage groups
. Jpn .
J
. Breed . 28 : 170-171 .
Kauffman, H.E., A .P.K. Reddy, S.PY. Hsien & S .D. Merca, 1973 .
An improved technique for evaluating resistance of rice varieties
to Xanthomonas
oryzae
.
Plant Dis. Rep. 57 : 537-541 .
87
Khush, G .S ., E. Bacalangco & T. Ogawa, 1990. A new gene for
resistance to bacterial blight from O .
longistaminata . Rice Genet.
Newsl . 7 : 121-122 .
Khush, G .S . & T. Kinoshita, 1991 . Rice Karyotype, Marker Genes,
and Linkage Groups . In
: G.S . Khush & G .H . Toenniessen (Eds .),
Rice Biotechnology, pp . 83-108. CAB International and IRRI,
Wallingford, Oxon, UK and Manila, Philippines
.
Kinoshita, T., 1990
. Report of the committee on gene symbolization,
nomenclature and linkage groups . Rice Genet . Newsl . 7 : 16)57 .
Kishimoto, N ., E . Shimosaka, R
. Ohsawa & A . Saito, 1992 . Correla-
tion of the current rice RFLP map with the classical genetic map .
In : Proceedings of the Asia-Pacific Conference on Agricultural
Biotechnology, pp. 246-248 . Beijing, China.
Lander, E.S., P. Green, J . Abrahamson, A . Barlow, M .J . Daly, S .E.
Lincoln & L. Newburg, 1987 . MAPMAKER: An interactive com-
puter package for constructing primary genetic linkage maps of
experimental and natural populations . Genomics 1 : 174-181 .
McCouch, S.R
., G
. Kochert, Z.H. Yu, Z.Y. Wang, G .S . Khush,
W.R. Coffman & S.D. Tanksley, 1988 . Molecular mapping of
rice chromosomes . Theor. Appl . Genet
. 76 : 815-829 .
McCouch, S.R. & S.D. Tanksley, 1991 . Development and Use
of Restriction Fragment Length Polymorphism in Rice Breed-
ing and Genetics . In : G.S. Khush & G.H. Toenniessen (Eds .),
Rice Biotechnology, pp. 109-133 . CAB International and IRRI,
Wallingford, Oxon, UK and Manila, Philippines .
Nagao, S . & T. Takahashi, 1963 . Trial construction of twelve linkage
groups in Japanese rice . Genetical studies on rice plant XXVII .
J. Fac
. Agric
. Hokkaido Univ. 53 : 72-130 .
Reiter, R .S ., J .G .K . Williams, K.A. Feldmann, J .A. Rafalski, S .V.
Tingey & P
.A
. Scolnik, 1992
. Global and local genome mapping
in Arabidopsis thaliana by using recombinant inbred lines and
random amplified polymorphic DNAs . Proc . Natl . Acad. Sci .
USA 89 :1477-1481 .
Ronald, P.C ., B . Albano, R . Tabien, L. Abenes, K . Wu, S. McCouch
& S. Tanksley, 1992 . Genetic and physical analysis of the rice
bacterial blight disease resistance locus, Xa-21 . Mol. Gen . Genet.
236 :113-120 .
Saito, A ., M
. Yano, N
. Kishimoto, M
. Nakagahra, A . Yoshimura, K .
Saito, S. Kuhara, Y. Ukai, M . Kawase, T. Nagamine, S . Yoshimu-
ra, O. Ideta, R . Ohsawa, Y
. Hayano, N . Iwata & M . Sugiura, 1991 .
Linkage map of restriction fragment length polymorphism loci in
rice . Jpn . l
. Breed
. 41
: 665-670 .
Sambrook, J ., E. Fritsch & T. Maniatis, 1989 . Molecular Cloning. A
Laboratory Manual . Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, New York .
Tai, T.H. & S.D . Tanksley, 1990 . A rapid and inexpensive method
for isolation of total DNA from dehydrated plant tissue . Plant
Mol
. Biol
. Rep . 8 : 297-303 .
Tanksley, S ., M . Causse, T. Fulton, N. Ahn, Z. Wang, K . Wu, J . Xiao,
Z. Yu, G. Second & S . McCouch, 1992
. High density molecular
map of the rice genome . Rice Genet. Newsl . 9 : 111-115 .
Wu, K.S ., J .C . Glaszmann & G .S . Khush, 1988 . Chromosomal loca-
tion of ten isozyme loci in rice (Oryza saliva L.) through trisomic
analysis. Biochem. Genet. 26 : 311-328 .
Xiao, J ., T. Fulton, S
. McCouch, S . Tanksley, N. Kishimoto R,
Ohsawa, Y. Ukai & A . Saito, 1992 . Progress in integration of the
molecular maps of rice . Rice Genet . Newsl . 9 : 124-128 .
Yoshimura, S ., A . Yoshimura, A . Saito, N . Kishimoto, M . Kawase,
M
. Yano, M . Nakagahra, T. Ogawa & N . Iwata, 1992. RFLP
analysis of introgressed chromosomal segments in three near-
isogenic lines of rice bacterial blight resistance genes, Xa-1, Xa-3
and Xa-4. Jpn . J . Genet. 67 : 29-37 .
